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Abstract. Mach-Zehnder and conoscopic interferometry are used to explore photoelastic properties of anisotropic crystal materials. In a number of cases
an application of both techniques significantly improves an accuracy of piezoop- tic and photoelastic measurements. The performance of such combined
approach is demonstrated on tetragonal lithium tetraborate (LTB) single crystals, as an example. Special attention is paid to methodological and metro-
logical aspects, such as measurement accuracy and the quantitative error analysis of the resulting measurements. Performing the interferometric
measurements for different geometries of piezooptic coupling the full sets of piezooptic and photoelastic tensor constants of LTB crystals have been
determined. The acoustooptic efficiency, on the other hand, has been evaluated using the magnitudes of photoelastic constants derived from the piezoop-
tical measurements. For the geometries with strong photoelastic coupling LTB demonstrates quite large acous- tooptic performance with figure of merit
value, М2 , achieving 2.12 × 10 –15 s 3 /kg. It is several times larger than that of strontium borate crystals, nowadays the best acoustooptic material in deep-
ultraviolet spectral region. 
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t  . Introduction 
The piezo-optic effect appears to be extremely important in the field
f optoelectronics and laser engineering where the search for highly effi-
ient photoelastic and acoustooptic materials experiences a great inter-
st over the last several decades due to the growing number of their ap-
lications as photoelastic light modulators, acoustooptic modulators and
eflectors, tunable spectral filters, Q -switches, etc. [1–8] . The efficiency
f the photoelastic or acoustooptic transformation is quite anisotropic
ven for high-symmetry crystal materials and is defined by piezooptic
nd elastic tensors which are specific for each material system. Hav-
ng a full set of corresponding tensor constants one may choose the
ost appropriate crystal orientation maximizing performance of photoe-
astic and acoustooptic cells applicable in optoelectronic devices. Spa-
ial analyses and optimization procedures, reported in earlier publica-
ions, see e.g. [ 9 , 10 ], ultimately require an accurate determination of
oth absolute values and signs of all non-zero piezooptic tensor con-
tants which generally is not a trivial task in anisotropic crystal ma-
erials. Relevant approaches are based on symmetry analysis and ten-
or transformations. In the methodological or phenomenological aspects
hey are quite similar to those applicable to electrooptic crystals aimed∗ Corresponding author. 
E-mail address: kityk@ap.univie.ac.at (A.V. Kityk). o maximize performance of Pockels cells made from such materials
 11 , 12 ]. 
Experimentally, the photoelastic constants could be measured by
coustooptic techniques, applying e.g. Dixon-Cohen method [13] . Such
ostly and time-consuming method, however, is unable to determine
igns of the photoelastic constants. Interferometry techniques represent
ere an alternative approach. Due to high configurability interferom-
ters have found a broad range of applications in the fields of opti-
al metrology and visualization [14] such as aerodynamics and plasma
hysics [15] , optical coherence tomography [16] , optical path-length
etrology [17] and relevant optoelectronic devices, basically as inte-
rated phase and amplitude modulators [18] . Optical interferometry
as also proved its efficiency in characterization of parametric optical
ffects in crystal materials, exploring their electrooptic [ 11 , 12 ] piezoop-
ic and photoelastic properties [ 9 , 10 , 19–21 ]. Once the elastic constants
re known, the whole set of independent piezooptic and/or photoelas-
ic tensor constants can be measured for crystals of any symmetry, as
as demonstrated in a number of works applying Mach-Zehnder in-
erferometry, see e.g. [ 19 , 20 ]. Interferometric methods, on the other
and, usually cannot provide an accurate determination of so-called ro-
ating piezo-optical constants. For this reason the polarization-optical
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Fig. 1. Precisely polished sample of LTB crystal (typical view) used for piezoop-
tic measurements [Section (a)]. Sections (b)-(d) sketch a minimal set of crystal
cuts required for determination of full tensor matrices of piezooptic and pho-
toelastic coefficients. Section (b): Crystal sample with faces cut perpendicular
to the principal crystallographic axes ( X = 1, Y = 2, Z = 3), principal-cut-sample. 
Section (c): Х /45°-cut sample. Section (d): Z /45°-cut sample. 
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c  echnique [21] and conoscopic interferometry [22] have recently pro-
osed to determine relevant constants more accurately. Earlier the cono-
copic interferometry has been applied also to study the linear electro-
ptic effect in photorefractive crystal materials [23] . 
In this paper we present a combined Mach-Zehnder and conoscopic
nterferometry techniques aiming to explore photoelastic properties of
nisotropic crystal materials. In a number of cases parallel application of
oth methods significantly improves the accuracy of piezooptic and pho-
oelastic measurements. The performance of such combined approach is
emonstrated on lithium tetraborate (LTB) Li 2 B 4 O 7 single crystals, as an
xample. 
LTB crystals, which are characterized by tetragonal symmetry 4 mm
24] (ICDD Card Number 84–2191) may be considered as efficient en-
ineered optical material for a number of nonlinear optical [25] and
coustooptical [26] applications. A characteristic feature of such crys-
als is wide spectral transparency window extending, particularly, from
eep ultraviolet ( 𝜆 = 170 nm) towards medium infrared region ( 𝜆 = 3.3
m). High optical radiation resistance of LTB crystals ( ∼40 GW/cm 2 )
25] , on the other hand, extends area of their applications towards
ower laser technologies. Due to this feature LTB crystals have evident
dvantage compared to a number of widely used highly efficient elec-
rooptical, acoustooptical and/or nonlinear optical materials, like e.g.
ithium niobate (LiNbO 3 ) or tellurium dioxide (TeO 2 ) [ 27 , 28 ] crystals
hat are characterized by significantly lower optical radiation resistance,
ypically about one order of magnitude or more less than LTB . In com-
ination with high mechanical strength to uniaxial compression [29] ,
hich according to our measurements exceeds 300 kgf/cm 2 along the
rincipal crystallophysic axes ( X or Z ) or diagonal directions ( XY or XZ ),
t makes LTB a prospective photoelastic and acoustooptical material for
owerful laser operation in the UV, visible and IR spectral regions. 
Piezooptic properties of LTB crystals have been studied in several
orks [ 26 , 30–32 ], however reported there piezooptic constants (POCs)
re characterized by significant discrepancies. In a number of cases they
onsiderably differ each other by absolute values, as e.g. POC 𝜋11 ( − 2.8
r [ 31 , 32 ] against − 0.31 Br [26] ) and also by signs, as e.g. POC 𝜋66 
1.66 Br [30] or 1.1 Br [ 31 , 32 ] against e.g. − 1.39 Br [26] ), here 1 Br = 1
rewster = 1 · 10 − 12 m 2 /N. Similar ambiguities are noted also for sev-
ral other POCs, 𝜋im . Moreover, according to [ 31 , 32 ] certain POCs of
TB crystals reveal also strong dependence on the light wavelength 𝜆.
or instance, POC 𝜋12 changes from − 0.5 Br ( 𝜆= 633 nm) to − 1.7 Br
 𝜆= 442 nm), i.e. by more than three times what is untypical for opti-
al transparency region. Weak dispersion of POCs in the optical trans-
arency region is predicted, particularly, by the quantum-chemical cal-
ulations [33–35] , whereas their strong wavelength dependence is ex-
ected mainly in the region of fundamental absorption edge. 
Revealed ambiguities and/or discrepancies evidently suggest a reex-
mination of photoelastic characteristics in LTB crystals. Mainly due to
his reason, in contrast to previous investigations [ 26 , 30–32 ], the POCs
re determined in the present study combining the Mach-Zehnder and
onoscopic [ 22 , 36 ] interferometry. Special attention is paid to method-
logical and metrological aspects, such as measurement accuracy and
he quantitative error analysis of the resulting measurements. In con-
rast to previous studies [19] the Mach-Zehnder interferometer has been
quipped by the optical pathlength compensator. Such setup modifi-
ation increases, on the one hand, an accuracy of piezooptic measure-
ents and, on the other hand, expands applicability of the interfero-
etric method for samples with weak piezooptic effect, particularly,
hen relevant half-wave stress values exceed their mechanical strength
nd cannot be reached experimentally. To improve further the accuracy
nd provide reliability of piezooptic measurements most POCs and/or
ombinations of their sums have been determined employing a series
f independent experimental geometries. Using the full tensor sets of
OCs, 𝜋im, extracted from piezooptic measurements, and elastic tensor
onstants, C mk , we have determined a full tensor set of photoelastic con-
tants, p ik , and subsequently evaluated relevant acoustooptic efficiency
figure of merit M 2 ) of LTB crystals. . Experimental 
Tetragonal crystals of 4 mm symmetry are characterized by the POCs
ensor having 7 independent non-zero components. For their determina-
ion three samples of different crystallographic orientations in a shape
f cubes with edge length of about 7.5 mm, see Fig. 1 (a), have been cut
rom high quality LTB single crystals and subsequently precisely pol-
shed providing high plane parallelity (better than 1 ′ ) of opposite faces
n order to diminish considerably the errors caused by sample thickness
onuniformities, as described in details in Ref. [37] . Tensor analysis
hows that an accurate determination of full POCs tensor matrix requires
amples of three different crystallographic orientations. The most con-
enient ones: (i) the cubic cut with faces oriented perpendicularly to
he principal crystallographic axes (hereafter the principal-cut-sample)
 Fig. 1 (b)]; (ii) the cubic Х /45°-cut [ Fig. 1 (c)] and (iii) the cubic Z /45°-
ut [ Fig. 1 (d)] have been chosen for interferometric piezooptic measure-
ents. 
Interferometry is a frequently used experimental technique for POCs
easurements. Our experimental setup is based on Mach-Zehnder in-
erferometer, see Fig. 2 (a). Usually piezooptic interferometric measure-
ents are executed at a ramping uniaxial compression, 𝜎, applied to the
ample S aiming to derive stress dependent light intensity, I ( 𝜎), of the in-
erfering beams registered by the photodetector PD at the interferometer
utput. Relevant interference fringes shift thereby in a way controlled
y the uniaxial compression thus the half-wave stress value, 𝜎𝜆∕2 
𝑖𝑚 
, is de-
ned as difference of the stress magnitudes corresponding to neighbor
inima and maxima of the measured I ( 𝜎)-dependence. Here indices i
nd m correspond to the directions of light polarization and uniaxial
ompression, respectively. Such methodology has been used in a num-
er of previous studies, see e.g. [ 19 , 21 ]. It is applicable, however, when
echanical strength of the samples is higher than 𝜎𝜆∕2 
𝑖𝑚 
-value which is
ot always the case. In order to remove this limitation and improve the
ccuracy of our measurements the optical pathlength compensator C,
hich represents a rotating parallel-plane amorphous quartz plate , has
een set into one of the interferometer arms as depicted in Fig. 2 (a). The
ptical pathlength, 𝛿Δk , induced by the applied stress, 𝜎m , can be com-
ensated by rotating the quartz plate by angle 𝛼 ( 𝛿Δk = 𝛿Δ( 𝛼)) in a way
o keep the output light intensity at the same level. Following the route
iven in [38] it is easily to show that the angular changes of the op-
ical pathlength are defined as 𝛿Δ( 𝛼) = 𝑑[ 1 − cos 𝛼 − 𝑛 + ( 𝑛 2 − si n 2 𝛼) 1∕2 ] ,
here n = 1.45702, d = 0.3 mm are the refractive index and thickness
f the quartz plate, respectively. Accordingly, 𝛿Δ( 𝛼)-dependence was
alculated, verified within the calibrated procedure and tabulated. Tak-
  3
Fig. 2. Experimental setups for piezooptic measurements combining Mach-
Zehnder (a) and conoscopic (b) interferometry. M - mirrors, C - optical path-
length compensator, P – polarizers, L – lense, E – screens, PD – photodetectors.
Sample S is subjected to uniaxial compression 𝜎. Sections (c) and (d) demon-
strate conoscopic images captured at 𝜎2 = 0 and 𝜎2 = 230 kgf/cm 2 , respectively,
for transverse piezooptic coupling geometry ( k = 3, m = 2). Sections (e) and (f)
show conoscopic images captured at 𝜎2 = 0 and 𝜎2 = 180 kgf/cm 2 , respectively,
for transverse piezooptic coupling geometry ( k = 1, m = 2). Applied half-wave
stress changes the light intensity, measured by the photodetector in the central
part of the conoscopic image, from its minimum to maximum value, or vice
versa. 
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Z  ng into account that the half-wave stress value 𝜎𝜆∕2 
𝑖𝑚 
corresponds to
he stress induced optical pathlength of 𝜆/2, it reads then as 𝜎𝜆∕2 
𝑖𝑚 
=
m 𝜆/(2 𝛿Δ( 𝛼)), where 𝜎m is the stress applied to the sample. 
One must admit, however, that certain POCs, such as e.g. 𝜋12 or
66 , cannot be measured precisely by interferometric Mach-Zehnder
echnique. Accordingly, for accurate determination of these POCs we
pplied a conoscopic interferometry following the methodology de-
cribed recently by Mytsyk et al. [ 22 , 36 ]. Earlier, Wang et al. [23] have
emonstrated an application of similar technique for probing of electro-
ptic coefficients in strontium calcium barium niobate crystals. Fig. 2 (b)
hows relevant setup. The coherent He-Ne laser light ( 𝜆= 633 nm) is fo-
used by the short focal lens L on the crystal sample S being subjected
o applied uniaxial stress 𝜎. The polarizers P are crossed and their polar-
zation axes are usually turned by ± 45° to the direction of the uniaxial
ompression 𝜎. The resulting interference pattern (conoscopic figure) is
rojected on the screen E and captured by the camera. For more pre-
ise evaluations a lens system has been used to improve a quality of the
onoscopic images projected on the screen, in a similar way suggested
ecently by Montalto et al. [ 39 , 40 ]. The intensity of the light outgo-
ng through a few millimeter hole, made in the center of the screen,
s detected by the photodiode PD . The shape of conoscopic figures de-
ends on the sample orientation with respect to propagation direction
f divergent light. Figs. 2 (c),(d) and Figs. 2 (e),(f) show typical cono-copic figures observed when light propagates along the optical axis of
TB crystal and perpendicular to it, respectively. The uniaxial stress ap-
lied to the sample modifies the pattern, as evidenced by panels (d) and
f) of this figure, changing the light intensity in the central part of the
onoscopic figures. Accordingly, the retardation half-wave stress value,
∗ 𝜆∕2 
𝑚 , extracted in such measurements, is defined in a similar way as
n the interferometric measurements, i.e. as absolute difference | 𝜎max
 𝜎min |, where 𝜎max and 𝜎min are the stress magnitudes corresponding
o neighbor maximum and minimum values of a stress dependent light
ntensity I ( 𝜎) measured in the central part of the conoscopic figure. Rel-
vant interference patterns are presented in Fig. 2 (d) and 2(e), as being
aptured at 𝜎max , whereas Fig. 2 (c) and 2(f) demonstrate the interfer-
nce patterns shot by camera at 𝜎min . 
Certain challenges in piezooptic measurements arise often regarding
he off-diagonal POCs 𝜋61 , 𝜋16 or 𝜋45 . Usually they are determined by
easuring a rotation of the optical indicatrix under mechanical stress
ction as described, particularly, in Refs. [ 22 , 36 ]. Fortunately, due to
ymmetry reasons these tensor components equal zero for 4 mm point-
roup of LTB crystals. Accordingly, the conoscopic interferometry have
een applied in the present work basically for the determination of the
ifference of piezooptic coefficients, 𝜋𝑜 
𝑘𝑚 
, characterizing stress-induced
ptical retardation, where the indices k and m specify directions of light
ropagation and uniaxial compression, respectively. Combining then the
onoscopic and Mach-Zehnder interferometry one may considerably im-
rove an accuracy of piezooptic measurements what will be discussed
n details in Section 4. 
. Basic relationships 
The piezo-induced optical pathlength, measured by interferometry
echniques, consists of two contributions that originate from (i) direct
iezooptic effect, caused by stress-induced changes of the refractive in-
ices and (ii) indirect piezooptic effect resulting from a change of the
ample thickness in the direction of light propagation induced by a
ransverse uniaxial compression. Precise determination of POCs requires
hereby a consideration of both effects what in the case of principal
OCs, 𝜋im ( i , m = 1, 2, 3), measured by the interferometric half-wave
ethod, leads to simple known relation [ 37 , 41 , 42 ]: 
𝑖𝑚 = − 
λ
𝜎
λ∕2 
𝑖𝑚 
𝑛 3 
𝑖 
𝑑 𝑘 
+ 
2 𝑆 𝑘𝑚 
𝑛 3
𝑖 
(
𝑛 𝑖 − 1 
)
= − λ
𝜎𝑜 
𝑖𝑚 
𝑛 3
𝑖 
+ 
2 𝑆 𝑘𝑚 
𝑛 3
𝑖 
(
𝑛 𝑖 − 1 
)
, (1)
here n i is the refractive index, d k is the sample thickness along the
ight propagation, S km is the elastic compliance tensor constant and
𝑜 
𝑖𝑚 
= 𝜎λ∕2 
𝑖𝑚 
𝑑 𝑘 is the thickness normalized half-wave stress, i.e. the value
ndependent on sample dimensions commonly used for catheterization
f piezooptic materials. The indices k , i and m specify directions of light
ropagation, light polarization and uniaxial compression in Cartesian
rystallophysic coordinate system, respectively. One should notice that
or the crystals of tetragonal symmetry the crystallophysic and crystallo-
raphic systems coincide. Considering, for instance, the light polarized
arallel to the X -axis ( i = 1), which propagates along the crystal opti-
al axis ( k = 3, crystallographic Z -axis), and uniaxial compressions 𝜎1 or
2 , applied along the X -axis ( m = 1) or Y -axis ( m = 2), respectively, one
btains: 
11 = − 
𝜆
𝑛 3 1 𝜎
𝑜 
11 
+ 
2 𝑆 13 
𝑛 31 
(
𝑛 1 − 1 
)
; 𝜋12 = − 
𝜆
𝑛 3 1 𝜎
𝑜 
12 
+ 
2 𝑆 13 
𝑛 31 
(
𝑛 1 − 1 
)
. (2)
Here we have taken into account that the fourth rank tensor of
he elastic compliance is symmetric with respect to the pairs of in-
ices ( S km = S mk ), thereby S 31 = S 13 and S 32 = S 23 . Tetragonal symme-
ry 4 mm , in addition, reduces a number of independent tensor compo-
ents, particularly, S 13 = S 23 . Similar expressions may be easily derived
or all the other principal POCs, 𝜋im ( k , i , m = 1, 2, 3), related, partic-
larly, with the piezooptic measurements performed on the principal-
ut-sample [ Fig. 1 (b)]. Relevant analysis for the Х /45°- [ Fig. 1 (c)] or
 /45°- [ Fig. 1 (d)] cuts, on the other hand, results in more complicated
4Table 1 
Basic relationships for the determination of POCs or their sums combinations per-
forming the piezooptic interferometric measurements on Х /45°- and Z /45°- crystal
cuts of tetragonal symmetry (4 mm ). Indices k , i , m specify the experimental geome-
try, i.e. the directions light propagation, light polarization and uniaxial compression,
respectively. 
Experimental
geometry 
Relationships Equation
number Х /45°-cut 
m = 4( ̄4 ) k = ̄4 (4) i = 4( ̄4 ) 
𝜋11 + 𝜋13 + 𝜋31 + 𝜋33 + 2 𝜋44 = − 
4 𝜆
𝑛 3 4 𝜎
𝑜 
44( ̄4 ̄4 )
+ 2( 𝑆 11 + 2 𝑆 13 + 𝑆 33 − 𝑆 44 ) 
( 𝑛 4 −1 ) 
𝑛 3 4 
( Т .1) 
m = 1 k = 4( ̄4 ) i = 1 𝜋11 = − 
𝜆
𝑛 3 1 𝜎
𝑜 
11 | 𝑘 =4( ̄4 ) + ( 𝑆 12 + 𝑆 13 ) 
𝑛 1 −1 
𝑛 31 
( Т .2) 
m = 4( ̄4 ) k = ̄4 (4) i = 1 𝜋12 + 𝜋13 = − 
2 𝜆
𝑛 3 1 𝜎
𝑜 
14( 1 ̄4 )
+ ( 𝑆 11 + 2 𝑆 13 + 𝑆 33 − 𝑆 44 ) 
𝑛 1 −1 
𝑛 3 1 
( Т .3) 
m = 1 k = ̄4 (4) i = 4( ̄4 ) 𝜋12 + 𝜋31 = − 
2 𝜆
𝑛 3 4 𝜎
𝑜 
41( ̄4 1 )
+ 2( 𝑆 12 + 𝑆 13 ) 
𝑛 4 −1 
𝑛 3 4 
( Т .4) 
m = 4( ̄4 ) k = 1 i = 2 𝜋11 + 𝜋13 = − 
2 𝜆
𝑛 3 1 𝜎
𝑜 
24( 2 ̄4 )
+ 2( 𝑆 12 + 𝑆 13 ) 
𝑛 1 −1 
𝑛 31 
( Т .5) 
m = 4( ̄4 ) k = 1 i = 3 𝜋31 + 𝜋33 = − 
2 𝜆
𝑛 3 3 𝜎
𝑜 
34( 3 ̄4 )
+ 2( 𝑆 12 + 𝑆 13 ) 
𝑛 3 −1 
𝑛 33 
( Т .6) 
Z /45°-cut
m = 3 k = 6( ̄6 ) i = 3 𝜋33 = − 
𝜆
𝑛 3 3 𝜎
𝑜 
33 | 𝑘 =6( ̄6 ) + 2 𝑆 13 
𝑛 3 −1 
𝑛 33 
( Т .7) 
m = 3 k = ̄6 (6) i = 6( ̄6 ) 𝜋13 = − 
𝜆
𝑛 3 1 𝜎
𝑜 
63( ̄6 3 )
+ 2 𝑆 13 
𝑛 1 −1 
𝑛 31 
( Т .8) 
m = 6( ̄6 ) k = ̄6 (6) i = 6( ̄6 ) 𝜋11 + 𝜋12 + 𝜋66 = − 
2 𝜆
𝑛 3 1 𝜎
𝑜 
66( ̄6 ̄6 )
+ ( 2 𝑆 11 + 2 𝑆 12 − 𝑆 66 ) 
𝑛 1 −1 
𝑛 3 1 
( Т .9) 
m = 6( ̄6 ) k = ̄6 (6) i = 3 𝜋31 = − 
𝜆
𝑛 3 3 𝜎
𝑜 
36( 3 ̄6 )
+ 1 
2 
( 2 𝑆 11 + 2 𝑆 12 − 𝑆 66 ) 
𝑛 3 −1 
𝑛 33 
( Т .10) 
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Table 2 
The thickness normalized half-wave stress magnitudes, 𝜎𝑜 
𝑖𝑚 
, as ob- 
tained from piezooptic interferometric measurements, and calculated
POCs 𝜋im of LTB crystals, λ= 633 nm, T = 20 °C. 
No 
Experimental geometry 𝜎𝑜 
𝑖𝑚 
,
kgf/cm 
𝜋im ,
Br m k i 
Principal-cut-sample 
1. 1 2 1 𝜎𝑜 11 = − 210 𝜋11 = − 0.38 ± 0.08 
2. 1 2 3 𝜎𝑜 31 = 195 𝜋31 = 1.25 ± 0.10 
3. 1 3 1 𝜎𝑜 11 = 114 𝜋11 = − 0.37 ± 0.22 
4. 1 3 2 𝜎𝑜 21 = 71 𝜋21 = 0.45 ± 0.28 
5. 2 1 2 𝜎𝑜 22 = − 215 𝜋22 = − 0.36 ± 0.08 
6. 2 1 3 𝜎𝑜 32 = 205 𝜋32 = 1.21 ± 0.09 
7. 2 3 2 𝜎𝑜 22 = 120 𝜋22 = − 0.44 ± 0.22 
8. 2 3 1 𝜎𝑜 12 = 75 𝜋12 = 0.34 ± 0.27 
9. 3 1 3 𝜎𝑜 33 = 57 𝜋33 = 1.28 ± 0.35 
10. 3 1 2 𝜎𝑜 23 = 28 𝜋23 = 3.81 ± 0.58 
11. 3 2 3 𝜎𝑜 33 = 56 𝜋33 = 1.34 ± 0.35 
12. 3 2 1 𝜎𝑜 13 = 30 𝜋13 = 3.44 ± 0.54 
X /45°-cut 
13. 1 4 1 𝜎𝑜 11 = 580 𝜋11 = − 0.42 ± 0.09 
14. 1 4 4̄ 𝜎𝑜 
4̄ 1 
= 110 𝜋12 + 𝜋31 = 1.60 ± 0.35 
15. 1 4̄ 1 𝜎𝑜 11 = 600 𝜋11 = − 0.43 ± 0.09 
16. 1 4̄ 4 𝜎𝑜 41 = 115 𝜋12 + 𝜋31 = 1.47 ± 0.34 
17. 4 4̄ 4 𝜎𝑜 44 = 275 𝜋44 = − 1.00 ± 0.61 
18. 4 4̄ 1 𝜎𝑜 14 = 88 𝜋12 + 𝜋13 = 4.18 ± 0.60 
19. 4 1 2 𝜎𝑜 24 = 69 𝜋11 + 𝜋13 = 3.12 ± 0.48 
20. 4 1 3 𝜎𝑜 34 = 77 𝜋31 + 𝜋33 = 3.10 ± 0.48 
Z /45°-cut 
21. 3 6 3 𝜎𝑜 33 = 59 𝜋33 = 1.18 ± 0.34 
22. 3 6 6̄ 𝜎𝑜 
6̄ 3 
= 29 𝜋13 = 3.62 ± 0.55 
23. 3 6̄ 3 𝜎𝑜 33 = 57 𝜋33 = 1.28 ± 0.35 
24. 3 6̄ 6 𝜎𝑜 63 = 29.5 𝜋13 = 3.52 ± 0.55 
25. 6 6̄ 6 𝜎𝑜 66 = − 700 𝜋66 = − 0.69 ± 0.39 
26. 6 6̄ 3 𝜎𝑜 36 = 135 𝜋31 = 1.18 ± 0.18 
g
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(xpressions. For the tetragonal point group 4/ m they have been already
erived in Ref. [43] . The point group 4 mm , however, is characterized by
 smaller number of independent non-zero piezooptic constants, partic-
larly 𝜋61 = 𝜋16 = 𝜋45 = 0. Accordingly, it reduces a number of equations
ikewise the required numbers of the samples and measurements which
as to be done in order to determine the full set of POCs matrix, see
able 1 . Notice, that equations presented there are suitable for the de-
ermination of individual POCs ( 𝜋11, 𝜋33 , 𝜋13, 𝜋31 ) as well as possible
ums combinations, as e.g. 𝜋12 + 𝜋13 , 𝜋12 + 𝜋31 , 𝜋11 + 𝜋12 + 𝜋66 and sev-
ral others. The individual POCs and/or their sums being determined
y independent measurements on different samples may serve here for
erification of the piezooptic measurements, i.e. as the most reliable
ethod for accuracy validation. More detailed discussion on this issue
ill be given in the next section. 
. Experimental results and analysis 
Determination of POCs by interference technique is based on half-
ave stress measurements performed on the same or different samples
or different geometries of piezooptic coupling defined by directions of
ight propagation, light polarization and uniaxial compression. Table 2
ists thickness normalized half-wave stress magnitudes, 𝜎o 
𝑖𝑚 
, of LTB crys-
als, determined from interferometric measurements, and relevant mag-
itudes of POCs consequently calculated by means of equations set (T.1)-
T.10) given in Table 1 . In our calculations the effective refractive in-
ices 𝑛 1 = 𝑛 2 = 𝑛 6 = 𝑛 𝑜 and 𝑛 3 = 𝑛 𝑒 , where 𝑛 𝑜 = 1 . 6088 and 𝑛 𝑒 = 1 . 5520
re the magnitudes of the ordinary and extraordinary refractive indices
f LTB crystals, respectively, taken from Ref. [44] . The effective refrac-
ive indices along the diagonal crystallographic directions, 4 or 4̄ [see
ig. 1 (c)] have been determined as:
 4 = 𝑛 4̄ = 
√
2√
𝑎 2 + 𝑎 3 
= 
√
2√
1
𝑛 2 2 
+ 1 
𝑛 2 3 
= 
√
2 𝑛 2 𝑛 3 ∕ ( 𝑛 2 2 + 𝑛 
2 
3 ) 
1∕2 = 1 . 5796 , (3)
here 𝑎 2 = 𝑛 −2 2 and 𝑎 3 = 𝑛 
−2 
3 are the optical polarization constants. A
rucial issue in such calculations was a choice of proper values of the
lastic compliance constants, S km , calculated by inversion of the elas-
ic constant matrix ( S = С − 1 ), taking into account discrepancy between
alues for certain elastic constants C ij reported in the literature by dif-
erent authors [ 30 , 45 , 46 ], see Table 3 . Our analysis shows, that the best
onvergence of POCs values determined for different samples and/oreometries of piezooptic coupling provides the elastic compliance val-
es reported by Shiosaki et al. [47] , see row 8 in Table 3 . Here we
mply the sample geometries giving directly POCs magnitudes, as de-
ived from the measurements of the principal-cut-sample [ Fig. 1 (b)], or
heir sums combinations, as obtained from the measurements of Х /45°-
 Fig. 1 (c)] or Z /45°- [ Fig. 1 (d)] sample cuts. In turn, for the calculation
f photoelastic constants, p ik , we have used the elastic constants, С mk 
see Table 3 , row 4), obtained by inversion of elastic compliance matrix
 С = S − 1 ) using S values from Ref. [47] . km 
5Table 3 
Elastic constants С mk ( × 10 10 N/m 2 ) and elastic compliances S km ( × 10 − 12 m 2 /N) of LTB
crystals. 
С mk С 11 С 33 С 12 С 13 С 44 С 66 
1 13.29 6.73 0.57 4.05 5.58 4.91 Ref. [43] 
2 13.10 6.14 0.95 3.85 5.50 4.79 Ref. [30] 
3 13.53 5.48 0.11 3.19 5.74 4.74 Ref. [44] 
4 13.55 5.68 0.36 3.35 5.85 4.67 Calculated using values of row 8 
S km S 11 S 33 S 12 S 13 S 44 S 66 
5 9.50 22.92 1.63 − 6.70 17.92 20.37 Calculated using values of row 1 
6 9.54 24.81 1.31 − 6.80 18.18 20.88 Calculated using values of row 2 
7 8.76 25.08 1.31 − 5.86 17.42 21.10 Calculated using values of row 3 
8 8.81 24.60 1.23 − 5.92 17.10 21.40 Ref. [45] 
Та ble 4 
POCs 𝜋im [in Brewsters (Br ), 1 Br = 10 − 12 m 2 /N] and photoelastic constants, p ik , of LTB crystals. 
𝜋11 
∗ 𝜋12 𝜋13 𝜋31 𝜋33 𝜋44 
∗ 𝜋66 
– 0.40 ± 0.09 0.46 ± 0.11 3.60 ± 0.56 1.23 ± 0.10 1.27 ± 0.35 – 1.00 ± 0.61 – 0.74 ± 0.05 
p 11 p 12 p 13 p 31 p 33 p 44 p 66 
0.068 ± 0.026 0.181 ± 0.028 0.206 ± 0.038 0.214 ± 0.025 0.155 ± 0.022 – 0.059 ± 0.036 – 0.035 ± 0.004 
∗ POCs determined by the conoscopic interferometry method.
 
r
 
 
 
 
 
 
 Several comments may be useful in understanding of the obtained
esults. 
(i) Following Table 2 most POCs 𝜋im ( i , m = 1, 2, 3) are determined
applying different geometries of piezooptic coupling. For exam-
ple, taking into account that 𝜋11 = 𝜋22 POC 𝜋11 has been deter-
mined for six different such geometries using both the principal-
cut-sample (see rows 1, 3, 5 and 7) and the Х /45°-cut (see rows
13, 15). The magnitudes provided in rows 1, 5, 13, 15 are char-
acterized by considerably smallest errors thus the resulting 𝜋11 -
value given in Table 4 represents their average. For comparison,
POCs values 𝜋11 ( 𝜋22 ) determined for piezooptic coupling geome-
tries, as specified by rows 3 or 7 in Table 2 , are presented with
about three times larger errors. POCs 𝜋13 or 𝜋23 ( 𝜋13 = 𝜋23 ), on
the other hand, have been determined in four different coupling
geometries performing the measurements on both the principal-
cut (rows 10 and 12, Table 2 ) and the Z /45°-cut (rows 22 and 24,
Table 2 ) samples. Since relevant errors are practically the same
in all these cases the 𝜋13 magnitude provided in Table 4 repre-
sents an average value over these four geometries of piezooptic
coupling. In a similar way it was derived also POC 𝜋33 magni-
tude (rows 9, 11, 21, 23). One should be emphasized that 𝜋13 
POC is characterized by a quite large magnitude (3.60 ± 0.56 Br)
which appears to be several times larger compared to relevant
maximal principal POCs 𝜋im in a number of efficient photoelastic
crystal materials such as e.g. lithium niobate [ 20 , 27 , 37 ], stron-
tium borate [48] , gallium phosphide [41] or calcium wolframate
[ 35 , 42 ]. In this context, LTB is comparable by its piezooptic effi-
ciency with lead molybdate [49] or 𝛽-barium borate [9] . Accord-
ingly, it is expected to exhibit considerable photoelasticity and
acoustooptic efficiency what will be demonstrated below. 
(ii) The values of POCs in Table 2 are provided with relevant errors
representing the standard deviations which account for the er-
rors of measured thickness normalized half-wave stresses 𝜎𝑜 
𝑖𝑚 
and
elastic compliances S km reported in the literature [ 30 , 45–47 ]. By
analyzing S km -values given in Table 3 , particularly their mean
square deviations, one may accept a relative error for their de-
termination at a level of about 10% in average. In a number of
cases the elastic factors in Table 1 represent a superposition of
S km constants [see e.g. Eqs. (T1)-(T6)] thus the mean-square de-
viations of relevant sums have been evaluated in each case. Sev-eral diagonal tensor components, on the other hand, such as e.g.
POCs 𝜋44 і 𝜋66 are expressed also via principal POCs 𝜋im , see Eqs.
( Т .1) and ( Т .9) in Table 1 . In such cases errors in determination
of the principal POCs have direct influence on the values of other
dependent on them POCs rising thereby total errors of their de-
termination. 
(iii) Comparing the sums of POCs 𝜋im , as determined on the X /45°-cut
sample (see rows 14, 16, 18–20 in Table 2 ), with relevant ones
obtained on the principal-cut sample one may admit their prac-
tically perfect matching. For instance, the sum 𝜋12 + 𝜋31 , being
determined on the X /45°-cut, equals 1.60 ± 0.35 Br (row 14). It
agrees within the measurement error with value of 1.69 ± 0.15
Br obtained as the sum of POCs 𝜋12 and 𝜋31 being determined
independently on the principal-cut sample, see relevant values in
Table 4 . Such good matching appears to be characteristic also for
other geometries of piezooptic coupling presented, particularly
in Table 2 . 
(iv) Methodology for determination of POCs 𝜋12 or 𝜋21 ( 𝜋12 = 𝜋21 ) is
worth of special attention and more detailed discussion. Mach-
Zehnder interferometry indeed gives the 𝜋21 -value with a quite
large error, 𝛿𝜋12 = ± 0.28 Br (see rows 4 і 8 in Table 2 ), what
is about 60% of its absolute magnitude. Accordingly, the cono-
scopic interferometry (see Fig. 2 ) may serve here as alternative
technique able to improve an accuracy of piezooptic measure-
ments. 
In such experiments one measures the light intensity in the cen-
tral part of the conoscopic pattern. The change of the light inten-
sity from its minimum to maximum value (or vice versa) upon an
uniaxial sample compression corresponds to the retardation half-
wave stress value 𝜎∗λ∕2 
𝑘𝑚 
being derived from the measurements.
In general case one deals with stress-induced optical retarda-
tion characterized by so-called piezooptic retardation constant
(PORC) 𝜋𝑜 
𝑘𝑚 
. In accordance with [50] 𝜋𝑜 
𝑘𝑚 
is determined as: 
𝜋𝑜 
𝑘𝑚 
= − 2 𝛿Δ
𝑑 𝑘 𝜎𝑚 
= − λ
𝑑 𝑘 𝜎
∗λ∕2 
𝑘𝑚 
= − λ
𝜎∗ 𝑜 
𝑘𝑚 
, (4)
where 𝛿Δ is the optical retardation induced by the applied stress
𝜎m , d k is the thickness in the direction of light propagation,
𝜎∗ 𝑜 
𝑖𝑚 
= 𝜎∗λ∕2 
𝑖𝑚 
𝑑 𝑘 is the thickness normalized retardation half-wave
stress value. In our particular case the light propagates along
the crystallographic Z- axis ( k = 3) whereas the uniaxial compres-
6 
 
 
 
 
 
 
 
 
 
 
 
 
 
5
f
o
a
c  
C
g
𝑝
𝑝
𝑝
u
(  
E
a
 
d
𝑀  
w
t  
c
t  
B
(  
[
t
c
g
a
c
w
p
l
o
fi
a
fi
t
u
t
o
[
w
t
L
e
6
t
a
i
o
c
l  sion is parallel to the crystallographic Y- axis ( m = 2). For such
piezooptic coupling geometry one measures PORC 𝜋𝑜 32 defined as
𝜋𝑜 32 = − 
λ
𝜎∗ 𝑜 32 
, (5)
thus with the retardation half-wave stress value 𝜎∗ 𝑜 32 = 180
kgf/cm, as derived from our measurements at λ= 633 nm (uni-
axial compression is assigned as negative), one obtains PORC
value 𝜋𝑜 32 = 3.59 ± 0.25 Br. Here the relative error has been es-
timated to be equal to about 7% being typical for polarization-
optical measurements. One should emphasize that piezo-induced
optical retardation, similarly as piezo-induced pathlength, rep-
resents superposition of both direct and indirect contributions.
Their separation, generally speaking, appears to be crucially im-
portant for a correct characterization of the photoelastic prop-
erties in anisotropic materials. Whereas the direct contribution
is associated with the piezo-induced birefringence, the indirect
one is caused by a stress induced sample deformation, i.e. the
sample thickness change in the direction of light propagation.
Piezo-induced birefringence is characterized by the piezooptic
birefringence constant (POBC) 𝜋∗ 
𝑘𝑚 
, expressed via POCs as 𝜋∗ 
𝑘𝑚 
=
𝜋𝑖𝑚 𝑛 
3 
𝑖 
− 𝜋𝑗𝑚 𝑛 3 𝑗 , where n i and n j are the refractive indices [ 50 , 51 ].
POBC 𝜋∗ 
𝑘𝑚 
and PORC 𝜋𝑜 
𝑘𝑚 
are related each other by the equation
[50] : 
𝜋∗ 
𝑘𝑚 
= 𝜋𝑜 
𝑘𝑚 
+ 2Δ𝑛 𝑘 𝑆 𝑘𝑚 (6)
where Δn k is the optical birefringence in the direction of light
propagation. Along the optical axis ( k || Z ) the optical bire-
fringence equals zero ( Δn k = Δn 3 = 0) thereby 𝜋∗ 32 = 𝜋
𝑜 
32 . For the
tetragonal symmetry of LTB crystals, 𝜋22 = 𝜋11 а nd n 2 = n 1 , thus
POBC 𝜋∗ 32 takes a form
𝜋∗ 32 = 𝜋12 𝑛 
3 
1 − 𝜋22 𝑛 
3 
2 = 𝜋12 𝑛 
3 
1 − 𝜋11 𝑛 
3
1 ; (7)
leading finally to a simple expression for POC 𝜋12 : 
𝜋12 = 𝜋∗ 32 ∕ 𝑛 
3 
1 + 𝜋11 . (8)
By substituting the magnitudes of piezooptic coefficients into
Eq. (8) , 𝜋11 = − 0.40 ± 0.09 Br and 𝜋∗ 32 = 𝜋
𝑜 
32 = 3.59 ± 0.25 Br (see
Table 4 ), as determined by Mach-Zehnder and conoscopic in-
terferometric techniques, respectively, one obtains 𝜋12 = 0.46 Br
with a substantially smaller error magnitude, ± 0.11 Br. Finally,
this value is given in Table 4 . The combination of both methods,
whenever it is applicable, brings evident benefits consisting, par-
ticularly, in considerably improved accuracy of piezooptic mea-
surements. 
(v) The efficiency of the conoscopic interferometry was also exam-
ined for other POCs, particularly diagonal tensor components 𝜋44
and 𝜋66 . As for 𝜋44 -component it does not result in a better accu-
racy compared to Mach-Zehnder interferometry. The reason for
this is evident: within the conoscopic interferometry method POC
𝜋44 in the crystals of 4 mm -symmetry is expressed as a combina-
tion of several principal POCs thus the error value, 𝛿𝜋44 , rep-
resents a superposition of relevant error contributions which in
LTB crystals is apparently large. The magnitude of 𝜋66 -constant,
in contrast, may be determined quite accurately using a simple
relation between POC 𝜋66 and PORC 𝜋
𝑜 
36 = 𝜋
∗ 
36 [see Eq. (6) ] which
reads as [50] : 
𝜋66 = 𝜋𝑜 36 ∕ 𝑛 
3
1 . (9)
The measurements have been performed on Z /45°-cut sample
[see Fig. 1 (c)] placed between the two crossed polarizers. A
compressive stress has been applied diagonally to X and Y axes
( m = 6), whereas coherent light beam was directed parallel to
the optical axis ( k = 3). For the thickness normalized retardation
half-wave stress value 𝜎∗ 𝑜 36 = 210 ± 15 kgf/cm, as derived from the
measurements, one gets 𝜋𝑜 36 = 3.07 ± 0.21 Br. By substituting itinto Eq. (9) one obtains 𝜋66 = − 0.74 ± 0.05 Br. Finally, this mag-
nitude is given in Table 4 since relevant absolute error is about
8 times smaller compared to the one obtained in Mach-Zehnder
interferometric measurements. 
. Photoelastic constants and acoustooptic efficiency 
Tensor of photoelastic constants, p ik , appears to be highly important
or characterization of both photoelastic and acoustooptical properties
f crystal materials, basically from the point of view of their practical
pplications. Table 4 provides the magnitudes of photoelastic constants
alculated using the values of POCs 𝜋im ( Table 4 ) and elastic constants
 mk ( Table 3 ). Relevant tensor relations ( р ik = 𝜋im C mk ) for 4 mm point
roup symmetry take the forms: 
 11 = 𝜋11 С 11 + 𝜋12 С 12 + 𝜋13 С 13 , 𝑝 31 = 𝜋31 
(
С 11 + С 12 
)
+ 𝜋33 С 13 , 
 12 = 𝜋11 С 12 + 𝜋12 С 11 + 𝜋13 С 13 , 𝑝 33 = 2 𝜋31 С 13 + 𝜋33 С 33 ,
 13 = 
(
𝜋11 + 𝜋12 
)
С 13 + 𝜋13 С 33 , 𝑝 44 = 𝜋44 С 44 , 𝑝 66 = 𝜋66 С 66 . 
(10) 
The errors in determination of photoelastic constants are eval-
ated as mean square deviations, 𝛿( 𝜋im ·C mk ) = [( 𝛿𝜋im ·C mk ) 2 +
 𝜋im · 𝛿C mk ) 
2 ] 1/2 , applied to each term entering into the set of equations,
q. (10) . Here the errors 𝛿𝜋im are given in Table 4 whereas 𝛿C mk is
ccepted to be equal to 0.1 ·C mk . 
Acoustooptic efficiency is characterized by the figure of merit, M 2 ,
efined as [13] : 
 2 = 𝑛 6 𝑖 𝑝 
2 
𝑖𝑘 
∕ 
(
𝜌𝑉 3 
𝑙 
)
, (11)
here n i is the refractive index, V i is the sound velocity and 𝜌 is the crys-
al density. Let’s evaluate the acousto-optical figure of merit M 2 in LTB
rystals for the geometries of acoustooptical coupling characterized by
he largest photoelastic constants, particularly p 31 and p 13 , see Table 4 .
y substituting corresponding magnitudes into Eq. (11) , p 31 = 0.214
 Table 4 ), n 3 = 1.552, 𝜌= 2.439 ×10 3 kg/m 3 [47] and V 1 = 7340 m/s
45] , one obtains М2 = 0.66 ×10 –15 s 3 /kg which characterizes the acous-
ooptic efficiency for the longitudinal ultrasonic wave propagating along
rystallographic X -axis and light polarization parallel to the crystallo-
raphic Z-axis. By replacing mutually directions of sound propagation
nd light polarization one may reach much better acousto-optic effi-
iency despite the fact that corresponding photoelastic constant is some-
hat smaller ( p 13 = 0.206). Indeed, for the longitudinal ultrasonic wave
ropagating along the crystallographic Z -axis ( V 3 = 5220 m/s [45] ) and
ight polarization parallel to the crystallographic X -axis ( n 1 = 1.6088)
ne gets М2 = 2.12 · 10 –15 s 3 /kg. Substantially larger acoustooptical ef-
ciency is achieved here due to considerably lower ultrasonic velocity
nd larger refractivity. For such acoustooptical coupling geometry the
gure of merit M 2 in LTB crystals is about 5 times larger compared
o strontium borate, nowadays the best acoustooptic material in deep-
ltraviolet spectral region [ 48 , 52 ]. 
One must be emphasized, that the best photoelastic and/or acous-
ooptical efficiency may be achieved by analyzing spatial anisotropies
f corresponding effects. Relevant optimization approaches (see e.g.
 49 , 52–55 ]) require an entire set of the photoelastic tensor constants
hich for LTB is precisely characterized in the present work. The spa-
ial anisotropy analyses of photoelastic and acoustooptical properties of
TB crystals appear, however, beyond of this study and will be consid-
red elsewhere. 
. Conclusion 
We have presented here the Mach-Zehnder and conoscopic in-
erferometry techniques aimed to explore photoelastic properties of
nisotropic crystal materials. The efficiency of such combined approach
s demonstrated on tetragonal LTB crystals. Ambiguities, discrepancies
r contradictory values being reported by different authors for these
rystals [ 26 , 30–32 ] evidently required a reexamination of their photoe-
astic properties. Accordingly, special attention in our studies has been
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[aid to accuracy and reliability of piezooptic measurements. For these
easons most POCs and/or their superposition have been determined
y performing piezooptic measurements on a set of several sample cuts
n different experimental geometries, defined by directions of uniaxial
ompression, light propagation and polarization. Each POC has been
xtracted therefore from multiply independent measurements. Particu-
arly, POCs 𝜋12 ( 𝜋21 ) and 𝜋3 1 ( 𝜋32 ) have been derived from two, whereas
OCs 𝜋11 ( 𝜋22 ), 𝜋13 ( 𝜋23 ) and 𝜋33 even from four different experimental
eometries. POCs 𝜋12 and 𝜋66 , on the other hand, have been measured
y the conoscopic interferometry method. Reliability of our piezooptic
easurements is also proved by the convergence of POCs sums com-
inations derived from piezooptic measurements on Х /45°- and Z /45°-
amples cuts. Comparing actual and previous studies one may admit an
cceptable agreement with most POCs values reported in Ref. [26] , how-
ver, even there one may realize strong discrepancies for several POCs,
articularly about 2 times difference for 𝜋12 or 𝜋66 and about 8 times
ifference for 𝜋44 . 
Basing on the results of interferometric and conoscopic piezooptic
easurements we have determined a full set of photoelastic tensor con-
tants and evaluated the acoustooptical figure of merit of LTB crystals.
or the geometries with strong photoelastic coupling LTB demonstrates
uite large acoustooptic performance with figure of merit value, М2 ,
chieving 2.12 ×10 –15 s 3 /kg. It is several times larger than that of stron-
ium borate crystals, i.e., the acoustooptical material applicable in the
eep ultraviolet spectral region. Taking into account high mechanical
trength ( > 300 к gf/cm 2 ), extremely high laser radiation resistance (40
W/cm 2 ) [25] and broad window of optical transparency (0.17 ≤ λ ≤
.3 𝜇m) [ 24 , 25 ] LTB may be considered as advanced acoustooptic ma-
erial, especially for deep-ultraviolet applications. 
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